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Abstract:  Temporal focusing of ultrashort pulses has been shown to en-
able wide-field depth-resolved two-photon fluorescence microscopy. In this
process, an entire plane in the sample is selectively excited by introduction
of geometrical dispersion to an ultrashort pulse. Many applications, such as
multiphoton lithography, uncaging or region-of-interest imaging, require,
however, illumination patterns which significantly differ from homogeneous
excitation of an entire plane in the sample. Here we consider the effects
of such spatial modulation of a temporally focused excitation pattern on
both the generated excitation pattern and on its axia confinement. The
transition in the axial response between line illumination and wide-field
illumination is characterized both theoretically and experimentally. For 2D
patterning, we show that in the case of amplitude-only modulation the axial
response is generaly similar to that of wide-field illumination, while for
phase-and-amplitude modulation the axial response dlightly deteriorates
when the phase variation is rapid, aregime which is shown to be relevant to
excitation by beams shaped using spatial light modulators. Finally, general
guidelines for the use of spatially modulated temporally focused excitation
are presented.

© 2009 Optical Society of America

OCI S codes: (090.1995) Digital holography; (180.4315) Non-linear microscopy
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1. Introduction

Generation of complex three-dimensional optical excitation patterns is a requirement in many
practical applications, including optical imaging, photoactivation and lithography. Using cur-
rently available ultrafast light sources it is simple to localize optical excitation to a point via
multiphoton excitation. By scanning this point of excitation (or the excited sample) it is pos-
sible to generate arbitrary three-dimensional excitation patterns. Indeed, this is the mode of
operation of most multiphoton microscopes [1] and femtosecond lithography systems [2] to
date. Such sequential point-by point scanning of the excitation is, nevertheless, a slow process,
despite many attempts to improve scanning systems, for example by the use of acousto-optic
deflectors [3, 4]. For some applications such as uncaging of biologically active molecules, the
combination of afinite residence and scanning time may be too slow relative to the time scale
of the probed process [5]. This, combined with the fact that current-day laser sources typicaly
provide orders of magnitude more power than needed for single-point excitation, is the main
driving force behind the development of multiple-point excitation systems [6-11]. Generally,
thisinvolves splitting the original beam into several beamlets, each directed to a different point
in space. Using beamsplitter arrays, for example [8, 9] this usually resultsin smple 1D or 2D
arrays of illumination points.

Recently, the technique of temporal focusing wasintroduced as an aternative to axially con-
fine a large multiphoton excitation areato a single plane [12]. Temporal focusing relies on the
utilization of geometrical dispersion to produce a short pulse at the image plane of the objective
lens, while the pulse is temporally stretched before and after the focus. Therefore, multiphoton
processes whose yield is maximized when the peak intensity is highest occur predominantly
in the focal plane. Since this principle does not require splitting of the excitation beam into a
discrete set of beamlets, temporal focusing enables spatial multiplexing of the excitation while
maintaining a continuous excitation profile within the plane. The standard setup, shown in Fig.
1, includes a blazed reflection grating imaged by a high magnification telescope, comprised
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of aregular lens and an objective lens, onto the image plane. The grating is illuminated at an
oblique angle such that the center frequency of the excitation pulse is diffracted towards the
optical axis of the system. It was shown that for a 2D illuminated area (~ 100x100un? using
a high numerical aperture objective) the axial resolution (corresponding to the extent where
multiphoton processes are effectively excited) afforded by temporal focusing is equivalent to
that achieved by conventional line-scanning multiphoton excitation. For a two-photon absorp-
tion process, this corresponds to the axial response decaying asz 1 away from the focal plane.
For a 1D illuminated line (perpendicular to the grating lines), essentially combining temporal
focusing with spatial focusing along one spatial dimension, depth resolution is equivalent to
that of point scanning [13, 14], recovering the z-2 decay for a two-photon absorption process.
These two cases have a closed-form analytic solution.

Both approaches have advantages and inconveniences. The use of a 2D large illumination
area alows for a quick acquisition time (provided sufficient excitation intensity), while illu-
mination with a 1D line allows for an increased axia resolution and excitation density. For
some applications, excitation configurations that offer a compromise between these two ex-
treme conditions are desirable. One possibility isto use a multiple-line scanning configuration.
Alternatively the excitation volume can be limited to a specific region of interest, concentrating
the available excitation energy only to this region.

Since temporal focusing relies on imaging of the grating onto the sample, it is reasonable
that spatial patterning of the excitation beam on the grating should result in similarly patterned
excitation on the sample. 2D patterning of light can be achieved by two means: amplitude only
modul ation, corresponding to an amplitude mask inserted at the grating surface, or phase-and-
amplitude modulation, which practically corresponds to the situation achieved when projecting
adigital hologram onto the grating. We have recently implemented the latter scheme, generat-
ing a digital hologram by the use of aliquid crystal spatial light modulator (SLM) [15]. The
application of a phase pattern on the SLM results in both phase and amplitude modulation of
the image on the grating surface. A broadening of the axial response, as well as significant
speckle in the temporally focused image were observed in this case.

In this paper we present a generalized numerical and experimental analysis of the effects
that light patterning in multiple lines or arbitrary 2D pattern have on the lateral and the axial
light distribution. We first briefly present the formalism used for the calculations, and then
proceed to analyze the effects on temporal focusing of both 1D and 2D spatial modulation of
the excitation beam. In particular we analyze which is, in multiple line excitation, the minimum-
line separation that allows maintaining the depth resolution of point scanning. For illumination
of a 2D region of interest, we compare the two different modes of illumination corresponding
to amplitude only modulation and phase-and-amplitude modulation.

2. Calculation of excitation profilesfor temporally focused arbitrary excitation patterns

Existing calculations on various effects in temporally focused illumination have generally as-
sumed spatially homogeneous, or at least smooth, illumination patterns. In order to calculate
excitation patterns with arbitrary phase- and amplitude- modulated excitation we assume a
given complex excitation pattern A(x,y) which is frequency independent impinging upon the
grating at an angle such that the central frequency of the pulseis diffracted perpendicular to the
grating surface for oblique plane-wave illumination. The excitation pulse spectrum is then dis-
cretized, and the propagation from the grating to the image plane is solved separately for each
spectral component using the angular spectrum of waves approach [16], taking into account the
finite aperture of the objective lens. Thisyieldsafour-dimensiona distribution of complex field
amplitudes Aimage(X, Y, Z, ). For each point this is Fourier transformed back into time domain
to obtain Aimage(X, Y, z,t), which is then integrated to yield the two-photon excited fluorescence
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Fig. 1. Setup used for temporal focusing. The grating is aigned perpendicular to the optic
axis of a high magnification telescope comprised of alens and a microscope objective. The
excitation beam impinges on the grating at an angle o such that the center wavelength is
diffracted towards the optical axis. An arbitrary pattern is projected on the grating, either
viaamplitude or phase-and-amplitude shaping. For the latter, the excitation beam is shaped
by a spatial light modulator followed by a Fourier lens.

(2PEF) intensity according to Eg. (1), assuming a homogeneous distribution of fluorophoresin
the entire volume. All calculations were scalar, practically assuming alinear polarization of the
excitation beam.

l2pEF (X,Y,2) = / dt | Aimage (%, ¥, 2.t)|* D

From this, the axial response lit(z) = [ dx dy lopeg (X, Y, 2), corresponding to the integrated
fluorescence signal from a thin planar fluorescent layer perpendicular to the propagation axis
can be easily calculated. The calculations were performed assuming the following parameters
(corresponding to experimental conditions detailed elsewhere [15] and also used here, as de-
scribed in the following): For the 2D case the cal cul ation was performed for a 100um x 100um
areain the XY plane, where the size of each pixel was approximately 0.25um. Along the prop-
agation direction each pixel was 0.5um. The calculation was conducted for a 830 lines'/mm
grating illuminated at 40.5 degrees from the normal. The focal length of the telescope lens
was 50cm, the input aperture of the objective lens was 6mm, and the numerical aperture was
0.9 (corresponding to a sine of the cone angle of 0.6 in the glass or PMMA layer). The pulse
spectrum, with a FWHM of 8.5nm, centered at 780nm, was discretized in the calculation to 61
colors spaced in wavelength by about 0.25nm. Both 1D and 2D calculations yielded practically
identical resultsfor 1D illumination patterns.

These conditions were chosen in order to directly compare with experimental results for both
1D (see below) and 2D [15] shaped excitation patterns. The presented results are, neverthel ess,
quite general in their applicability to other focusing condition, using the scaling of temporal
focusing Rayleigh range with the excitation numerical aperture: b o< NA~2 [14, 17]. When
considering the sectioning capabilities of temporal focusing, we compare below to two cases: a
standard point scanning multiphoton microscope, and a line-scanning two-photon microscope
[18].

3. Temporal focusing with 1D patterned excitation

As discussed above, simple analytical solutions exist for temporal focusing of either a homo-
geneoudly illuminated area or for the case of athin line perpendicular to the grating lines. It
was shown that, at least for incoherent processes such as 2PEF, in the former case the spatially
uniform depth resolution is equivalent to that of line-scanning [12], whereas for the latter it
is equivalent to that of point scanning [13, 14]. This can be readily understood considering the
time-domain picture of temporal focusing. The ultrashort pulse impinging on the grating gener-
ates, transiently, an illumination pattern which isits geometrical crossing with the grating. The
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Fig. 2. Depth response for illumination gratings with varying ratios of Ay/2Mwyg: 5 (blue);
7.5 (green); 12.5 (red); 20 (cyan). Also plotted isthe cal cul ated response for an area (dashed
black line) and for asingle line (solid black line).

cross of two planes (the grating and a pancake-shaped ultrashort pulse) yields a line, whereas
that of a plane (the grating) and aline (in the case of line illumination) yields a point. In the
following we consider how the transition between these two regimes occurs. In particular, one
can ask what is the achievable depth resol ution with patterned illumination perpendicular to the
grating lines.

To address this we consider the case of illumination by an array of equally spaced lines such
that each of theselinesis demagnified by the telescope to a diffraction-limited line (correspond-
ing to 2wp ~ 0.4umin our case).

Let us start by considering the simplest case of an array of lines of equal intensity and con-
stant phase. Clearly in this case choosing alarge spacing Ay between lines should reproduce the
singlelineillumination limit, while choosing Ay to be of the order of 2Mwg, where M isthetele-
scope magnification, should reproduce the arearesult. In Fig. 2(a) we plot the integrated 2PEF
signa liot(2) as afunction of the propagation length for various ratios of Ay/2Mwp. A similar
curve on alog-log scale, outlining the inverse power-law dependence of the axial response at
large z, isgivenin Fig. 2(b) (for positive values of z).

As can be seen, the depth response near z=0 (and the axial FWHM) rapidly converges from
that of line scanning (dashed black line) to that of point scanning (solid black line) even for ara-
tio of 5. Theresponse at larger z, however, decays more slowly and shows an oscillatory pattern.
Closer inspection yields that the peaks are equally spaced in z, and their location corresponds
to the expected position of Talbot images and subimages at z= % where nis an integer and
L = Ay/M [16]. As can be seen, the depth resolution curve follows that of point scanning for
|z < % (the spatia position of thefirst Talbot subimage) and decays more slowly thereafter. As
long as the first Talbot subimage is more than approximately two Rayleigh ranges away form
thefocal plane, corresponding hereto aratio of about 10, the response becomes practically very
close to that of point scanning.

A practical way to obtain an illumination pattern of the form described in Eq. 1 is to shape
the excitation beam using a spatial light modulator and position the grating at the Fourier plane
of a cylindrical lens. A phase grating pattern imprinted on the SLM can then be efficiently
converted to an array of lines on the grating. In particular, we consider here a phase pattern of
the form @(y) = 1.3Cos(ky) + 1.65Cos(2ky), which results in a rather uniform array of seven
lines on the grating. In this case, however, the phases vary from lineto line. To quantify thiswe
compare both the depth resolution and the resulting Y Z illumination pattern for this case with
two others: a uniform phase, and a completely random phase. These results appear in Fig. 3 for
L =3um (aratio of 7.5).
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Fig. 3. The effect of phase of lines in an array on the depth response for the case of
Ay/2Mwg = 7.5. &) Depth response for constant phase (blue), a holographically gener-
ated array (green) and a random phase (red), along with the calculated response for an
area (dashed black line) and for asingle line (solid black line). b)-d) Y Z intensity plots for
constant phase (b), a holographically generated array (c) and random phases (d).

The z response curves show a similar trend, but the details appearing in the constant phase
calculation, in particular the periodic modulation at Talbot image planes are lost. Thisis accen-
tuated in the spatial response curves presented in Figs. 3(b)-3(d), where the periodic order of
Fig. 3(b) islost outside the focal plane in Figs. 3(c)-3(d). Still, even for the random phase case
it can be seen that the z response follows that of point illumination up to the expected location
of the first Talbot subimage and slowly decays thereafter.

We performed an experimental test of the expected Z-response of aholographically generated
array of temporally focused lines similar to that described in Fig. 3(c). The experimental setup
has been detailed el sewhere [15]. Briefly, pulses from a Ti:Sapphire laser oscillator are directed
towards a phase-only spatial light modulator (SLM). A Fourier lens projects the generated
digital hologram onto a grating. The grating is then imaged onto the sample using a telescope
comprised of an achromatic lens and a microscope objective. A thin layer of Rhodamine dye
in PMMA is scanned in the vertical dimension, and imaged with a second objective onto a
cooled CCD camera. In the current experiment, the phase pattern on the SLM was modul ated
only in the vertical dimension, and the Fourier lens used was a cylindrical one. This resulted
in an illumination pattern in the form of an array of lines on the grating. The corresponding
experimental z response for several values of Ay/2Mwy to be compared with the predictions of
Fig. 2 ispresented in Fig. 4. As can be seen, in agreement with the above predictions, the depth
response for al values of Ay/2Mwg generally follows the single line depth response (black line)
around z=0, with significant deviations appearing only after moving beyond the axial position
of the first Talbot subimage.

4. Temporal focusing with 2D patterned excitation

The above discussion dealt with simple illumination patterns which did not interfere with the
efficiency of the temporal focusing process. Thisis due to the fact that the excitation pattern (or
more importantly, its phase) was invariant (or, in practice, slowly varying) along the direction
perpendicular to the grating lines. In practice, this means that the wavefront of the pulse was
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Fig. 4. Experimental realization of illumination by equally spaced lines. The depth response
is presented for illumination with a holographically generated array of seven lines with
varying ratios of Ay/2Mwp: 5 (blue) ; 7.5 (green) ; 12.5 (red) ; 20 (cyan). Also plotted is
the measured response for asingle line (solid black line).

not distorted and the simple time-domain picture described above (of a pancake-like ultrashort
excitation pulse) was still valid. This is not necessarily the case for general 2D illumination
patterns. In the following we present cal culations on the effects of 2D patterning on temporally
focused illumination.

Two-dimensional patterns can generally be constructed by two means. Amplitude modul a-
tion of the excitation beam impinging on the grating yields intensity variations while maintain-
ing the pulse front flat. On the other hand, the use of phase elements distorts the pulse front.
Thisistypically performed with a computer controlled SLM, having both the grating and the
SLM at the two foci of alens such that the illumination pattern on the grating is the Fourier
transform of the applied phase pattern. In this case, generation of an arbitrary two-dimensional
pattern on the grating plane (the Fourier plane of the SLM) requires the use of an optimiza-
tion procedure, such as the Gerchberg-Saxton algorithm. Sharp details in the intensity pattern
are typically associated with strong phase modulation across the image, corresponding to a
highly distorted pulse front. In the following we discuss the consequences of both regimes of
patterning on the axial localization of excitation by temporal focusing.

Let us first discuss temporal focusing for the simpler case of a pure intensity modulation.
Since the pulse front is flat, this is generally analogous to the 1D discussion of the previous
section, applied sequentially to differently shaped lines within the excitation pattern. Perhaps
the simplest such modulation is achieved when the imprinted image on the grating contains
sharp edges. Shown in Fig. 5(a) is the intensity pattern at the image plane upon illumination
of the grating with a homogeneous circle with sharp edges. Clearly, for every line in the 'y
direction we observe the diffraction pattern of the sharp edge, which interferes with the circle
pattern. Looking at the corresponding FWHM of the axial response at each point, shown in
Fig. 5(b), we clearly see that the FWHM is minimal at the intensity peaks and maximal at the
intensity minima. Considering the results of the previous section, where depth resolution was
improved by excitation with an inhomogeneous pattern (an array of lines) relative to the case
of homogeneous illumination (excitation of an entire ared), thisis arather intuitive result.

A similar trend is observed for a circle with a random intensity modulation (where the in-
tensity at the grating surface was randomly chosen between 0.5 and 1 for every region corre-
sponding to a demagnified pixel of 0.25x0.25un?, such that it corresponds to a little less than
a diffraction limited spot at the image plane). While this case, plotted in Fig. 5(c)-5(d), is not
relevant to any practical realization of temporal focusing, it is highly instructive in showing
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Fig. 5. 2PEF intensity patterns (a,c) and calculated local FWHM (b,d) for two cases having
constant spatial phase: A circle with sharp edges (a,b) and a circle with random intensity
fluctuations (c,d).

the spatial correlation between intensity peaks and a narrower axial response. It isimportant to
note, however, that for the random pattern presented here the modulation pitch is small (that
is, the distance between peaks is such that the effective Talbot peaks are within the rayleigh
range of the temporally focused beam). Thus, the integrated z response shows no improve-
ment relative to that of a homogeneously illuminated area. These results, exhibiting a narrower
FWHM at theintensity peaks of the excitation pattern, are closely related to the improved depth
resolution achieved in linear microscopy by dynamic speckle interference [19], where a depth-
resolved image is digitally formed by taking the variance of the collected emission for severa
consecutive frames, which islargest at the focal plane.

The situation is more complex when considering phase modulated excitation. Aslong asthe
phase varies smoothly (that is, thereislittle phase variation over a distance of the demagnified
diffraction limited spot) the temporal focusing processishardly affected. Rapid phase variations
lead, however, to broadening of the distribution of scattering angles for each color, as observed
in our recent experimental study [15]. This both interferes with the geometrical dispersion
which lies at the basis of the temporal focusing process and results in significant scattering of
light outside the back aperture of the objective lens, generating a speckle pattern at the image
plane. Thelimit of pure phase modulation has previously been discussed both theoretically [12]
and experimentally [20] for the case of head-on excitation through a diffuser (which replaces
the grating). It was shown that this resultsin generation of spatiotemporal speckle at the image
plane, stretching, aong the propagation direction, to a distance of the order of the spatial extent
of the undistorted pulse cTpyse. The case of agrating illuminated with arapidly varying phase
pattern ismore complex. Theintensity pattern at the image plane obtained from acalculation for
random phases (where the intensity at the grating surface was maintained constant but the phase
was randomly chosen between 0 and 27 for every region corresponding to a demagnified pixel
of 0.25x0.25un?) is shown in Fig. 6(a). As can be seen, a speckle pattern with rather isolated
peaks is generated. The corresponding z response curve is shown in Fig. 6(b) (solid blue line).
It shows a 4.5um FWHM axial response which is broader than the 3.3um one obtained for a
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Fig. 6. 2PEF intensity pattern (a) and calculated depth response (b) for an illumination
pattern with random phase. The observed FWHM depth response of 4.5um (solid blue
line) is broader than the 3.3um FWHM response observed for the case of a constant phase
(dashed red line).

pure intensity modulation (dashed red line). These values should be compared with the limiting
values of the axial responsein aline-scanning and point-scanning two-photon microscope using
the same numerical aperture of excitation, corresponding to 2.8uumand 1.7um, respectively.

We now consider in more detail the origin of this broadening. Clearly, the observed intensity
peaks, corresponding to most of the generated signal, arise from regions on the grating where
more light is diffracted into the objective back aperture. This necessarily means that the phase
pattern on the grating in these regions is rather smooth. It is thus expected that locally within
these regions the depth resolution should be high. Indeed, when performing a statistical anal-
ysis of the distribution of depth resolution vs. maximal signal intensity this trend is observed,
asshown in Fig. 7(a). The FWHM observed for the highest intensity pointsis significantly nar-
rower than the overall averaged response. As can be seenin Fig. 7(b), where we plot the center
position between the two points defining the FWHM. Unlike the case of amplitude modulation,
where the center position remains at z=0 independent of the signal intensity, here the interfer-
ence with the background spatiotemporal speckle can shift it within arange of £1um. Overall,
then, the broad depth response has two origins: one is the nonlinear signal due to the temporal
speckle at the wings. The other is the offset of the speckle peak from the z = 0 plane due to
interference with the background temporal speckle. Thus, despite the narrow response at each
peak, the average response is broadened.

The above results are rather general even in the case of less random phase distributions. In
particular, we have tested both numerically and experimentally excitation patterns generated by
a Gerchberg-Saxton agorithm converting a Gaussian intensity distribution to several arbitrary
intensity patterns. The observed intensity distributions at z=0 aswell as the depth response have
been reported elsewhere [15]. There, the FWHM of the axial response of the digital hologram
was about 5um as compared with a 3.2um response obtained with flat-phased modulation, in
very good agreement with the predictions of Fig. 6(b). In fact, without imposing any limita-
tions on the phase on the grating plane, the results from an excitation pattern generated by a
Gerchberg-Saxton algorithm are almost similar to the case of a pure random phase. Thus, in
terms of the axial response, this presents a new limiting case which is an intermediate between
the two geometries presented in Ref. 11, that of a pulse impinging head-on onto a diffuser, and
that of aflat-phased pulse impinging on a grating at the appropriate angle.
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Fig. 7. The origins of broadening of the depth response in temporal focusing with random
phase. 8) Two-dimensional probability histogram of the depth response FWHM and the
signal intensity. Strong intensity is correlated with a narrow response. b) Two-dimensional
probability histogram of the centroid of the depth response and the signal intensity. The
peak of the signal is not necessarily centered at z=0 even for high signal intensities.

5. Conclusion

We have considered the effects of 1D and 2D spatial modulation of temporally focused excita-
tion patterns on the excitation pattern itself and on the axia resolution. The 1D analysis sets a
limit on the amount of scanning necessary in order to fully cover a 2D area while maintaining
the depth resolution of point scanning. Practical full-field imaging can be achieved by using
approximately 10 different illumination patterns (of shifted gratings having a separation of 10
diffraction-limited units in between them). This is an upper limit on the amount of required
scanning since we have not considered, for example, polarization effects which can aid in re-
ducing the crosstalk between neighboring excitation lines, or alternatively the use of temporal
multiplexing, as is done both for beamsplitter arrays and for microlenses.

Moreover, we show that of the two general schemes which can be utilized to generate 2D
illumination patterns, pure amplitude modulation leads to better axia confinement of the ex-
citation and to reduced intensity variations in the projected excitation pattern. In this case, the
axial confinement is practically similar to that of a two-photon line scanning microscope. For
pure amplitude modulation the axial response may vary across the illumination pattern, with
thin isolated lines perpendicular to the grating grooves exhibiting improved axia confinement.
Amplitude modulation is, however, clearly inefficient asit leads to loss of excitation power. In
addition, care has to be taken to eliminate artifacts induced by sharp edges.

The axial localization of the excitation does not, however, significantly deteriorate even for
the limiting case of a random phase, which is a reasonable approximation to the situation of
a complex illumination pattern generated by an optimization algorithm such as Gerchberg-
Saxton without imposing additional requirements on the phase. We find that in this case the
axial resolution is worse by several tens of percent than that of a line scanning multiphoton
microscope. Phase modulation can lead to the generation of a speckle pattern in the image
plane, also resulting in a loss of excitation intensity (as part of the excitation light does not
enter the back aperture of the objective lens).

We thus present here a guideline which can be utilized when generating complex illumination
patterns using SLMs. In particular, the depth response as well as the amount of speckle in
the image plane depends on the existence of rapid phase variations in the excitation pattern.
The absence of these can be demanded as an extra requirement from the search procedure for
the phase pattern on the SLM, compromising the exact intensity pattern for improved axial
resolution and reduced speckle.
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This manuscript has only dealt with a scalar model, not considering the possibilities of vary-
ing the spatial polarization or, more interestingly, the combination of spatial shaping with the
axial control afforded by temporal shaping [21, 22] to generate complex 3D excitation patterns,
although these clearly present new possible applications of temporal focusing. Overall, we be-
lieve that the combination of temporal focusing with complex illumination patterns can find
application, in particular, in multiphoton lithography and in uncaging experiments.
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